ABSTRACT. The effects of various selective phosphodiesterase (PDE) inhibitors on muscle contractility and cyclic nucleotide contents in porcine iris sphincter were investigated. Forskolin and sodium nitroprusside inhibited carbachol (CCh)-induced contraction in a concentration-dependent manner. Various selective PDE inhibitors, vinpocetine (type 1), erythro -9-(2-hydroxy-3-nonyl)adenine (EHNA, type 2), milrinone (type 3), Ro20-1724 (type 4) and zaprinast (type 5), also inhibited CCh-induced contraction in a concentration-dependent manner. The rank order of potency of IC 50 was zaprinast > Ro20-1724 > EHNA  milrinone > vinpocetine. In the presence of CCh (0.3 M), vinpocetine, milrinone and Ro20-1724 increased cAMP, but not cGMP, contents. In contrast, zaprinast and EHNA both increased cGMP, but not cAMP, contents. This indicates that vinpocetine-, milrinone-and Ro20-1724-induced relaxation is correlated with cAMP, while EHNA-and zaprinast-induced relaxation is correlated with cGMP in porcine iris sphincter.
Cyclic nucleotides are important secondary messengers, and are associated with smooth muscle relaxation [7] . Cyclic nucleotides are synthesized by adenyl cyclase or guanylyl cyclase and degraded by phosphodiesterases (PDEs). In the smooth muscles of the iris-ciliary body, it has been suggested that -adrenoceptor agonists [22, 24] and adrenomedullin [26] increase cAMP accumulation by stimulating adenyl cyclase, and that atrial natriuretic peptide [9] and nitric oxide [16] increase cGMP accumulation by stimulating guanylyl cyclase.
Currently, PDEs are classified into 11 families [3, 10, 27] and selective PDE inhibitors have been identified [4] . It has been reported that M&B 22948 (zaprinast, type5 inhibitor) inhibited the carbachol-induced contraction in bovine iris sphincter muscle [2] . However, to our knowledge, there have been no reports that compared the potency of maximal relaxation of various selective PDE inhibitors-inducedrelaxation in iris smooth muscle.
The angle closure glaucoma is a main pathologic condition with the elevation in intraocular pressure because of iridocorneal angle obstraction. When iridocorneal angle obstraction, the play of iris and ciliary muscle is also changed. To study the influence of PDE (type1-5) inhibitors in the iris and ciliary muscle contraction may not only clarify the mechanism of cAMP or cGMP with PDE isozyme, but also contributes to the development of novel antiglaucoma drug.
In the present study, we investigated the relationship between relaxation and cyclic nucleotide contents in carbachol (CCh)-induced contraction of porcine iris sphincter induced by selective PDE (type1-5) inhibitors.
MATERIALS AND METHODS

Muscle preparations and tension measurement:
Eyes from adult pigs of either sex were obtained from a local abattoir. Two strips of iris sphincter muscle were cut from each eye (ciliary margin removed). The muscle strips were incubated with physiological salt solution (PSS) containing (in mM): NaCl, 136.8; KCl, 5.4; CaCl 2 , 2.5; MgCl 2 , 1.0; NaHCO 3 , 11.9; and glucose, 5.6. PSS was aerated with 95% O 2 and 5% CO 2 to adjust pH to 7.2 at 37C. Muscle tension was recorded isometrically. One end of each strip was bound to a glass holder and the other end was connected by a silk thread to a strain-gauge transducer (TB-611T; Nihon Kohden, Tokyo, Japan) in an organ bath containing PSS with a resting tension of 0.5 g. Muscle strips were equilibrated for 30 min in order to obtain stable contractility induced by hyperosmotic 65 mM KCl.
Assay of cGMP and cAMP contents: The cGMP and cAMP contents of muscle strips were measured by enzyme immunoassay. After incubation of the strips with vinpocetine, EHNA, milrinone, Ro20-1724 or zaprinast for 10 min in the presence of CCh (0.3 M), the strips were rapidly frozen in liquid nitrogen and stored at -80C until homogenization in 6% trichloroacetic acid (0.4 ml). Homogenates were centrifuged at 3000  g for 15 min and the supernatant was washed with 1.5 ml of water-saturated diethylether 4 times; the cGMP and cAMP contents of the strips were then assayed using enzyme immunoassay kits (GE Healthcare, Buckinghamshire, UK). The cGMP and cAMP contents were expressed in terms of picomole per gram wet weight of Statistics: Concentration-response curve for each inhibitor was fitted to a logistic equation using MS Excel; the fitting parameter was IC 50 . Values are expressed as means  S.E.M. and statistical analyses were performed by Student's t-test. after application, each PDE inhibitor was added cumulatively. Vinpocetine (type 1), EHNA (type 2), milrinone (type 3), Ro20-1724 (type 4) and zaprinast (type 5) inhibited CCh-induced contraction in a concentration-dependent manner (Fig. 2) . The IC 50 and maximum relaxation concentrations of these inhibitors are shown in Table 1 .
RESULTS
Effects of forskolin, and SNP on
The rank orders for the relaxant effects of IC 50 were zaprinast (type 5) > Ro20-1724 (type 4) > EHNA (type 2)  milrinone (type 3) > vinpocetine (type 1) (P<0.05).
Effects of various PDE inhibitors on cGMP and cAMP contents:
In the presence of CCh (0.3 M), vinpocetine, milrinone and Ro20-1724 increased cAMP contents. With these drugs, cAMP contents increased by 1.47 (vinpocetine), 1.6 (milrinone) and 1.5 (Ro20-1724) times above resting levels. cAMP contents were not affected by EHNA and zaprinast (Fig. 3A) . In contrast, zaprinast and EHNA both increased cGMP contents by 1.57 (EHNA) and 2.15 (zaprinast) times above resting levels. cGMP contents were not affected by vinpocetine, milrinone or Ro20-1724 (Fig. 3B ).
DISCUSSION
Physiological iris contractions are mediated by the nonadrenergic, noncholinergic nervous system in addition to the adrenergic, cholinergic nervous system. The stimulators of adenyl cyclase, -adrenoceptor agonists [22, 24] and adrenomedullin [26] , induce relaxation by increasing cAMP contents, and the stimulators of guanylyl cyclase, atrial natriuretic peptide [9] and nitric oxide [16] , induce relaxation via cGMP in the iris sphincter muscle. In the present study, forskolin and SNP inhibited the muscarinic agonist carbachol (CCh)-induced contraction in a concentrationdependent manner (Fig. 1) . These results suggest that the cAMP/adenyl cyclase and cGMP/guanylyl cyclase pathways are both involved in the relaxation of porcine iris sphincter muscle. However, the activitys of PDE isozymes which hydrolysis cAMP and/or cGMP in smooth muscle of iris-ciliary body have not been still clear. Therefore, we investigated the effects of selective PDE inhibitors on CChinduced contraction in order to confirm the role of PDE isozymes in the mediation of iris contraction.
PDEs, which play a major role in the regulation of intracellular concentrations of cAMP and cGMP, are classified into 11 families [3, 10, 27] . Of these, PDE1-5 isozymes have selective inhibitors. It has been shown that the potency of relaxation induced by these PDE inhibitors different in vascular [17] , tracheal [19, 20] , urinary [18, 25] and intestinal smooth muscle [13, 14, 23] .
It has been reported that vinpocetine (type 1 inhibitor) induces relaxation in rabbit aorta by increasing cGMP contents [1, 11] , but in rat urinary bladder [18] and guinea pig taenia coli [14] , vinpocetine acts by increasing cAMP contents. In the present study, vinpocetine inhibited CChinduced contraction and increased cAMP, but not cGMP, contents in porcine iris sphincter muscle. These results suggest that the relaxation induced by PDE type 1 inhibitors involves increased cAMP contents in porcine iris sphincter muscle. The PDE1 family includes PDE1A, 1B and 1C. PDE1A and 1B have high affinity for cGMP and PDE1C has similar affinity for cAMP and cGMP [3] . It is known that PDE1 hydrolyzes cGMP in some smooth muscle cells [20] , and in the porcine iris sphincter muscle, vinpocetine appears to inhibit PDE1C, but not PDE1A and B.
It has been suggested that EHNA (type 2 inhibitor) relaxes rat pulmonary artery tone by increasing cAMP and cGMP contents [12] . It has also been reported that the relaxation induced by EHNA involves the increase in cGMP contents in rat urinary bladder [18] and guinea pig taenia coli [14] . In the present study, EHNA inhibited CCh-induced contraction and increased cGMP, but not cAMP, contents in porcine iris sphincter muscle. These results suggest that the relaxation induced by PDE type 2 inhibitors involves increased cGMP contents. The present data showed that the relationship between type 1 and type 2 inhibitor-induced relaxation, and the increase in cyclic nucleotides in porcine iris sphincter muscle, is similar to that in rat urinary bladder [18] and guinea pig taenia coli [14] .
Milrinone (type 3 inhibitor) increased cAMP contents and inhibited phenylephrine-induced contraction in a concentration-dependent manner in guinea pig aorta [21] . In the present study, milrinone inhibited CCh-induced contraction and increased cAMP, but not cGMP, contents in porcine iris sphincter muscle. These results suggest that the characterization of PDE isozymes varies with organ, and that activity in iris sphincter muscle is smaller that in other Numbers in parentheses indicate 95% confidence limits. Maximum relaxation refers to resting tension after washing, which was arbitrarily set to 100%. smooth muscle types. It is known that PDE4 is specific for the hydrolysis of cAMP [3] , and it has been reported that rolipram (type 4 inhibitor) relaxes bovine trachea by increasing cAMP contents [20] . Moreover, rolipram inhibits lipopolysaccharideinduced uvetitis in rats [5] . In the present study, Ro20-1724 inhibited CCh-induced contraction (Fig. 2) and increased cAMP, but not cGMP, contents (Fig. 3) in porcine iris sphincter muscle. These data suggest that Ro20-1724 (type 4 inhibitor) induces relaxation by increasing cAMP contents.
In the present study, relaxation induced by zaprinast was more potent than that with other PDE inhibitors, and zaprinast increased cGMP contents. Zaprinast (M&B22948) also inhibited CCh-induced contraction in bovine iris sphincter muscle [2] . These data are consistent with the report that zaprinast relaxed guinea pig taenia coli and ileum rat aorta by increasing cGMP contents [13, 14] .
In guinea pig tracheal smooth muscle, selective PDE inhibitors reduced histamine-induced contraction and the rank order of inhibitory potency was rolipram (type 4) > siguazodan (type 3) > zaprinast (type 5) > vinpocetine (type 1) [19] . In rat urinary bladder, selective PDE inhibitors reduced CCh-induced contraction and the rank order of inhibitory potency was vinpocetine (type 1), zaprinast (type 5) > EHNA (type 2) > rolipram (type 4) > milrinone (type 3) [18] . In guinea pig taenia coli, selective PDE inhibitors reduced CCh-induced contraction and the rank order of inhibitory potency was zaprinast (type 5) > vinpocetine (type 1) > EHNA (type2) > Ro20-1724 (type 4) > milrinone (type 3). In the present study, selective PDE inhibitors reduced CCh-induced contraction in porcine iris sphincter muscle and the rank order of inhibitory potency of IC 50 was zaprinast (type 5) > Ro20-1724 (type 4) > EHNA (type 2)  milrinone (type 3) > vinpocetine (type 1). As the rank order of inhibitory potency varies with organ, the characterization of PDE isozymes is also apparently different in each organ.
It is known that the motility of iris and ciliary muscle relate to mediate intraocular pressure. NO donors reduced intraocular pressure in normal rabbit eyes without systemic effects [15] , and relax iris and ciliary muscle contraction [6, 8] . In the present study, SNP inhibited CCh-induced contraction in porcine iris sphincter muscle, too. Moreover, the type 5 PDE inhibitor, zaprinast was the most potent in inhibition of CCh-induced contraction. These results imply that type 5 PDE is important to mediate the motility of iris and ciliary muscle and intraocular pressure. However, it remains to clear the mediation of other type PDEs in these functions.
In conclusion, selective PDE inhibitors reduced CChinduced contraction in porcine iris sphincter muscle and the rank order of inhibitory potency of IC 50 was zaprinast (type 5) > Ro20-1724 (type 4) > EHNA (type 2)  milrinone (type 3) > vinpocetine (type 1). Moreover, it was suggested that vinpocetine-, milrinone-and Ro20-1724-induced relaxation was correlated with cAMP, and that EHNA-and zaprinastinduced relaxation was correlated with cGMP in the iris sphincter muscle.
